Introduction
TNF signaling through the TNF receptors (TNFR) TNFR1 and TNFR2 is critically involved in innate and adaptive T cell-mediated immune responses 1 . The crucial role of TNF in inflammation is demonstrated by the improvement of severe inflammatory autoimmune diseases, such as rheumatoid arthritis, inflammatory bowel disease, or psoriasis, during treatment with either anti-TNF antibodies or TNF-binding fusion proteins 2 . Concomitantly, inhibition of TNF increases susceptibility to infections with bacteria or mycobacteria, further emphasizing the essential role of TNF in critical steps of innate and adaptive immunity [2] [3] [4] [5] .
Comparison of TNFR1 -/-and TNFR2 -/-mice reveals that TNF-signaling through TNFR1 is essential in host defense against intracellular pathogens such as Listeria monocytogenes 6 and Mycobacterium tuberculosis 7 , while TNF-signaling through TNFR2 increases susceptibility to intracellular infections 8 . Moreover, TNFR1 -/-mice show that signaling through TNFR1
is involved in early phases of acute graft versus host disease 9 , experimental autoimmune encephalitis (EAE) 10 , autoimmune diabetes 11 , or arthritis 12, 13 .
Even though the cascade of TNF-signaling through TNFR1 has been studied extensively 14 , and even though it is established that TNF-signaling through TNFR1
plays an essential role in T cell-mediated inflammation 6, 7, [9] [10] [11] [12] [13] 15 , the underlying mechanism remains unknown. This is especially true for the TNFR1-signaling pathway that translates local T cell responses into inflammation, which remains enigmatic. Various models have been proposed to explain the profound defect in early phases of T cell-mediated inflammation in the absence of TNFR1. The data focus on impaired activation of nuclear factor κB-dependent genes, leading to inappropriate apoptosis induction 13, 16 or defective T cell priming 17 . Importantly, while
CD4 T cell-mediated control of bacterial infections and CD4 T cell-mediated
For personal use only. on January 27, 2018. by guest www.bloodjournal.org From inflammation depend strictly on signaling through TNFR1, CD8 T cell-mediated control of viral infections with choriomeningitis virus is TNFR1-independent 18, 19 .
Together these data suggest that signaling through TNFR1 is necessary for the translation of CD4 T cell-mediated immune responses into local inflammation and pathogen control, while this signaling pathway is obviously not required for killing of virally infected target cells by CD8 T cells 18 . To uncover the role of TNFR1 during T cell-mediated inflammation, we strictly studied T cell-and TNF-dependent delayed type hypersensitivity reactions (DTHR) in response to the hapten trinitrochlorobenzene (TNCB) 20, 21 .
Three major haptens are used to induce contact hypersensitivity reactions (CHSRs)
to evaluate DTHRs. TNCB-induced CHSRs are among the best studied model diseases to investigate hapten-induced DTHRs as these reactions strictly depend on Th1 or Tc1 cells and can be attenuated either by interleukin-4 (IL-4) or by IL-4-producing Th2 cells 22 . In these types of reactions, IL-4 initially promotes the activation of IL-12 producing antigen presenting cells (APCs) 23 , yet, during periods of either T cell priming or T cell effector functions, IL-4 attenuates TNCB-induced CHSR 22, 24, 25 . A second, frequently used hapten is Oxazolon. In contrast to DTHR induced by TNCB, IL-4 seems to play a role in the generation of DTHR induced by Oxazolon 24, 26, 27 . A third frequently used hapten is dinitroflourobenzene (DNFB). DNFB exerts the strongest toxic reactions. DNFB-specific CHSRs also differ from TNCB-induced CHSRs as they also induce IL-10-producing mast cells that are required to attenuate local toxicity 28, 29 . Moreover, DNFB-induced CHSRs induce NK cell-mediated memory responses 28, 29 . As TNCB-induced CHSRs thus share most of the mechanisms characterized for conventional DTHRs, we studied the role of TNFR1 in
For personal use only. on January 27, 2018. by guest www.bloodjournal.org From response to TNCB, using the TNCB-induced CHSR as a model for the DTHR that provides the unique possibility to individually investigate antigen presentation, priming, and differentiation of CD4 and CD8 T cells, cell migration, T cell-mast cell interactions, and mast cell-endothelia interactions with the help of mast cell knock-in experiments 20, 27, [30] [31] [32] . Importantly, it allows the study of these effects largely independently of phenomena such as antigen processing by APCs. Here, we show that TNFR1-signalling is neither needed for in vivo priming nor for the introduction of Th1 cells capable of inducing severe DTHRs.
Dissecting the single steps of CHSRs from the APC, T cell and mast cell function to the local vascular endothelia, we discerned that TNFR1-expression exclusively by ECs is necessary for the translation of T cell-mediated immune responses into local inflammation. TNFR1-expression by EC was critically needed for the expression of adhesion molecules required for leukocyte rolling, adhesion, and migration in response to locally produced mast cell TNF. 39 (10 μ g/ml), 5 U/ml (after day 3 with 50 U/ml) IL-2, and hapten-modified T cell-depleted splenocytes (5x10 5 ; APC) in a total volume of 200 µl medium in 96 well plates in a incubator (37°C, 7.5% CO 2 ). After 3 days T cells were cultured in 24 well plates and after another 5 days in 100 ml cell culture bottles; IL-2 (50 U/ml) was added every 3 days. Femoral TNF +/+ and TNF -/-bone marrow cells were cultured in the presence of 10-20 U/ml IL-3 40 and 200 ng/ml c-kit ligand 41 . After 4 wks of culture, BMMC were determined to be >97% pure for mast cells and were used for adoptive transfer 42 .
Proliferation and cytokine assays. 
Results

A critical role for the TNFR1 in hapten-induced tissue damage
To address the role of TNFR1-signaling in DTHRs that are independent of infectious agents or antigen processing, we sensitized TNFR1 -/-and TNFR1 +/+ mice with DNFB and challenged mice seven days later with the hapten to elicit a DNFB-specific DTHR. Hapten-specific DTHRs are dependent on IFN-γ-producing T cells 20, 22, 47 . In agreement with previous studies 47 , we found that TNFR1 -/-mice had rather , or arthritis 12, 13 . Therefore, we compared this DTHR in response to DNFB to the more widely used DTHR in response to TNCB, a hapten that also causes CHSRs that are dependent either on increased ear swelling in TNFR1 -/-mice after DNFB application resulted from the reduced tissue damage that allowed the development of edema. This is in line with data showing that TNFR1 promotes cell death in mouse keratinocytes 50 . In contrast to 0.5% DNFB, 5.0% TNCB induced very little cell death, but it did induce significant edema, a concomitant increase in dermal and epidermal thickness and a strong inflammatory infiltrate ( Figure 1C , upper left). In TNFR1 -/-mice, all three TNCBinduced parameters of tissue damage, edema, infiltrate and keratinocyte apoptosis were significantly reduced ( Figure 1C , lower left).
Reduced TNCB-induced DTHR in TNFR1 -/-mice
We next analyzed the TNCB-specific DTHR to investigate the mechanisms underlying the phenomenon of strongly reduced DTHR in TNFR1 -/-mice. We first Figure 1A) and the number of CD11c + dendritic cells increased in TNFR1 -/-mice. TNFR1
-/-dendritic cells are largely apoptosis resistant 51 (Suppl. Figure 1B) . 
DTHRs in TNFR1
-/-mice ( Figure 4A and B) even though 0.5x10 6 directly (intracutaneously) into the right ear of naïve TNFR1 -/-mice transplanted mast cells engrafted selectively to the site of injection ( Figure 4C , Suppl. Figure 2) . Together, these data demonstrate that TNFR1 expression by resident cells is needed for the development of strong, T cell-mediated inflammation in response to mast cell TNF.
TNFR1 expression by endothelia is needed for appropriate expression of adhesion molecules
Endothelia of different origin express variable amounts of TNFR1 mRNA 53 . TNFR1
mRNA is also expressed in normal ear tissue ( Figure 5A ). P-selectin and E-selectin are the first molecules expressed during DTHRs, followed by VCAM-1 and ICAM-1.
The two selectins responsible for leukocyte rolling show peak expression after 2 to 4 h [54] [55] [56] [57] [58] , while the two major adhesion molecules responsible for leukocyte recruitment 54, 55, 59 are strongly expressed starting at 3-4 h of DTHR, with expression increasing over time 57, 60 . As TNF is capable of inducing all four adhesion molecules on EC and as TNF is essential for PMN-recruitment during TNCB-induced CHSR 20,61-63 , TNFR1
expression by endothelia might provide the critical link that establishes cross-talk between somatic cells and the immune system in DTHRs.
To directly address this point we first analyzed the mRNA expression of P-selectin, E- in the expression of these adhesion molecules (4 h after challenge, data not shown).
Equivalent findings for TNF
-/-mice were reported by Nakae et al. 64 .
Immunofluorescence staining of P-selectin, E-selectin, ICAM-1, and VCAM-1 expression 2.5 h and 4.0 h after TNCB-ear challenge in TNFR1 +/+ and TNFR1 -/-mice ( Figure 5C ) and western blot analysis (Suppl. Figure 3 ) confirmed strongly reduced expression of all four adhesion molecules in TNFR1 -/-mice ( Figure 5C ). Differences in protein expression were highest for P-selectin, E-selectin, and ICAM-1 ( Figure 5C ).
Immunohistology underlined that only endothelial cells express E-selectin; moreover, endothelial cells and platelets are the only cells capable of producing P-selectin 58, 62 .
Thus, our data can only be explained by a direct response of TNFR1-expressing endothelial cells to mast cell-derived TNF.
Impaired leukocyte adhesion to TNFR1 -/-endothelia in vivo
To formally prove that TNFR1-expressing EC are needed to induce functionally active P-selectin, E-selectin , ICAM-1 or VCAM-1 protein during DTHR, we analyzed leukocyte rolling and leukocyte adhesion in TNFR1 -/-mice and TNFR1 +/+ mice using intravital fluorescence microscopy 46 . At 2.5 h, median P-and E-selectin-dependent leukocyte rolling was determined to be at 475±112 (±SEM) cells mm To definitely address the role of TNFR1-dependent expression of the adhesion molecules in TNCB-induced DTHR, we injected E-selectin, P-selectin, ICAM-1, and VCAM-1 blocking mAbs or corresponding isotype controls into TNFR1 +/+ mice, 0.5-1.5 hours after challenge. Intravital fluorescence microscopy at 2.5 and 3.5 h after the challenge demonstrated a nearly complete inhibition of leukocyte rolling when all four adhesion molecules were blocked; similar results were obtained by blocking Pand E-selectin only ( Figure 5F ). In contrast, P-and E-selectin mAb had no effect on late adhesion. Only the combination of all four mAb severely inhibited firm adhesion at 3.5 h ( Figure 5G) ; the difference was even significant when compared to mice injected with P-and E-selectin mAb only ( Figure 5G ).
TNFR1expression is neither needed for adequate T cell priming nor for induction of T cell effector functions
Others have suggested that TNFR1 -/-mice develop deficient DTHR because of impaired T cell priming due to defects in the functioning of T cells and dendritic cells 17, 67 . Therefore, we first determined the impact of TNFR1-expression on T cell priming and Th1 cell differentiation. We analyzed freshly isolated CD4 + T cells from draining lymph nodes of TNCB-sensitized mice from both TNFR1 +/+ and TNFR1 exclusively. This defect was associated with defective PMN recruitment and reduced expression of the four critical adhesion molecules at the site of inflammation. In contrast to the other adhesion molecules analyzed, P-selectin and E-selectin are highly specific for endothelia 58 . We propose that P-selectin and E-selectin expression resulted from endothelial cells, as the only other cells capable of expressing P-selectin mRNA or protein are platelets 58 . This was confirmed by immunohistology. To directly determine whether TNFR1 -/-endothelia were capable of inducing functional adhesion molecule expression, we performed intravital fluorescence microscopy. Knock-out experiments have shown that only the combined loss of E-selectin and P-selectin impairs hapten-induced T cell-mediated skin inflammation 69 . In line with this, we found strongly impaired leukocyte rolling and adhesion in TNFR1 -/-mice directly underlining that E-selectin and P-selectin were not only reduced at the mRNA-level, but were also functionally ineffective. Thus, direct crosstalk between TNF produced by mast cells in response to locally activated Th1
For Mycobacterium tuberculosis 7 are highly susceptible and cannot cope with these infections. Similarly, the acute phases of collagen induced arthritis 12, 13 or EAE 10, 70 are attenuated in TNFR1 -/-mice. Importantly, comparing disease development in TNFR1 -/-and TNFR2 -/-mice demonstrates that efficient DTHR in infectious and autoimmune diseases depend on TNFR1, as TNFR2-deficient mice show a normal phenotype in these models of human disease 6, 7, [9] [10] [11] [12] [13] .
Here, we have shown that T cell-mediated inflammation strictly requires a direct crosstalk between mast cell-TNF and TNFR1-expressing endothelia, as TNFR1- The critical role for TNF-mediated PMN recruitment in host protection against bacteria was originally unexpected and first observed in humans that received TNFblockade as a treatment for sepsis 71 . In this study, TNFR fusion protein was given to reduce fever and TNF-induced symptoms of septic shock in the hope of reducing morbidity and lethality. TNFR fusion protein, however significantly increased the lethality of septic shock 71 . The critical role of TNF-mediated PMN recruitment for the control of sepsis was also shown in mice with either bacterial pneumonitis or septic peritonitis. In the absence of TNF the mice failed to recruit PNM, failed to control expansion of the bacteria and succumbed to these bacterial infections 4, 79 . In sharp contrast, viral diseases seem to be well controlled in anti-TNF treated humans 2, [72] [73] [74] [75] [76] [77] [78] .
These data showed that TNF induces many symptoms of sepsis, like fever or hypotonia, but is essential for efficient control of bacterial expansion in patients.
Even though previous data have independently shown that TNF and TNFR1-signaling are essential for establishing DTHR that involve PMN and macrophages, the underlying biological mechanism remained enigmatic. Most authors on the subject have speculated that TNFR1-signaling may either be involved in T cell priming or macrophage functioning. Here, we show that the priming of effector T cells capable of inducing DTHR is TNFR1-independent and that the central TNFR1-expressing cell required for PMN-extravasation and development of DTHR is the EC.
Thus, TNFR1-expressing EC establish the molecular cross-talk between the intravascular leukocytes and TNF-producing mast cells. As TNFR1-expressing EC respond to mast cell-TNF by expressing adhesion molecules required for leukocyte rolling and firm adhesion, TNFR1-signalling is responsible for the critical step that initiates local inflammation in protective and harmful T cell-mediated immune responses. As such, the data provided here not only unravel the long sought after molecular basis for understanding the well described defects of TNFR1 -/-mice in developing efficient DTHR, but they also propose a concept to explain the risks and opportunities for anti-TNF therapy in humans. 
